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Abstract

In this paper we illustrate our work using the strongest Ho as an
acid base scale. We concluded that the catalytic activity arises
from carbonium ions for solid catalysts whose strongest point values
are less than 2, from carbanions for solid catalysts whose strongest
point value are larger than 10, and from both acid and base points
for those which have the H, value of 4-8. Further, from correlation
between selectivity of o—igopropyl compounds and the strongest point
H. ,we found that the ortho selectivity increased as the basicity of
s0lid surface increased.
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I Introduction

The 3cid base propartizs of solid catalyst surface greatly affect their cat alvtls
activities. Therefore 1t is impunaut to quantify acid base properties of various
solid swifaoes. Purther. it I significant to cortelate those quantities with catalyiic
Lotivities ind selectivities. in order to understand catalytic mechanisms and to
ey e Catalvsts The solid activities are often related to am acid or base
Joitit i a special strengtl 1ange” while the selectivity of a catalyst s cottelaled
with overall acidity or basicity of the solid surface. Since there is ne adequate
physical quantity 1o express experimental acid base properties, tor this purpose
theelectronegativity and partial charges have been used.”

The activity of a solid surface can be expressed by the strength and numb«1
of the acid points {acid strength) and the basicity by the strength and nurnt er
of the base poimis {base strength).”” However. in most past work, the activity
was expressed by the H; function (Hammett Deyrup acidity function®™*"), while
the basicity was expressed by the H_ function. In other words, the acidity scale
is difféerent from the basicity scale for a single solid catalyst. Combining the
Ctiation wethod for acid distributions such as the Jolwson method  and vu
sitzation methed for base distributions, one can estimate and describe the acd
Lase strength of a solid surface in a non-polar solvent using the 11 funcuon.
Dased ok Uoose the authors derived o wew seale for acid base steeugth. e
strength pomnt Ho

4 Newsr Metiod of Determining Acid Base Strength Distributions

The acidic strength of solid susface can be described Ly the B fwtion whice
represents the ability of solid surface which gives protons to o neutral base {in-
dicator for measurement) absorbed on the solid surface and changes them to

*Numbers in margin indicate pagination of foreign text.
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Fig. 1 Titration Principle

Ho. the ability of an acid point to give I protons (acid strength H,j or that of a
base point te give I (comjugate acid) protons {base strength Hy),

AH: acid point, B: base point (The size of letters indicate the strength), BuNH.
i bulylandne, TCA: trichloro acetate, I base ndicator.

4

1. titration of acid point: 2. titration of base point.

curjugaled anid 2

The amine titrations such as the Johnson'' and Benesi® methods belong to
this Although there are various problems on this method, they are still utilizen
for ‘haracterizing acidic properties of the solid surface.” - In Fig. 1 we present
a precess of this titration. If there are acidic points of H. < pKrg+ on the solid
surface suspended In benzene, an absorbed indicator {I) turns into a conjugate
acid {IH").

In the above, pKyx+ represents a negative of logarithms of the dissociatien
constant for IH*. Now one can titrate the acidic points by use of more basic
base (1 butylamine ) than the indicator, and then one an determine the amount

of acids of Ty 3 pKrg- from the =quivalent nwnber of base consumed until the
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acidic color (TH™ disappears. Using Hammett base indicators of varleus pRrg-
calues. one can determine acidities of various strengths whose lower hmuts are | )
H. Then one can obtain relations between H: and acidity on the solid surface
Tios s o method of deternining acid strength distribution.

Or ke other hands, the amount of base points (basicity) is determined by <
wtration of non-polar suspensions withbenzoic o1 acetic acids using bromthimei-
biue and nitroaniline type as en indicator. It is expressed by the H. function
which represents the ability to pull protons out from an acid indicator®. This
methed can be used to deseribe base strength distnibutions only for sirengly
basic caialvsts such as CaQ and MgO or to measure basicity up lo a certain
strength, 77 Althoughe there were a few zeports that both acidity and bLasie-
ity were measured for acidic and basic points on the same solid surface %%
However. two scales are different for acidic and basic strengths.

The piesent authors described a value of the H: function for comjugate acids
2t the base point by the base strength H;.” No color change of the indicator I
occurs. if there is no acid point of Hy > pKrg+ on the solid susp ended in benzene
[sex Tig. 1). Dy adding a standard acid solution (triclloro acetate) 1o it, the
amount of basic points (basicity) for base strength H, » pKyy- is determined.
The =nd of this titration is a coler change of I to IHT. The hase strength 1
Jefiied as thie ability of conjugate acids, which are produced by an addition of
pretons o the acld standard solutlon to base points. to give protons to the
\parcater This newsr method of determining hase points uses the same Hammett
Lase indicators utilized for the tiation of acid points, and the sarue - funciloen

¢ o scale S5 zcid base strength distribution. That is, by a combination of the

fe)
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Fig. 2 Adid Lase strength distribution of ahnina {()). activaled aluina (&), y-
slmina 12}, TiO; was thermally treated at 300°C (A), and no treatment ((J).
and MgST {MgdO, - 7H,O was thermally treated at 300°C {0y and >20°C
s 1RGN
TR RN
(activity: o sum of all points whose H; values are equal to or smallsr than the

cajue at the horizontal axis: basicity: a sum of all peints whose H: values are

cqual wo o1 larger than the value at the horizontal axis).

easurements. one can represent acid strength distributions of Al,O5, Zrlh, and
TiO; Ly the comnn scale of H,.» Some of vur 1esults are displayed i Tig. 2.
9 The Strongest Point H; and a Unified Scale for Acidity and Basiaty
The acid strength distribution of solid ¢ atalysts is traditionally represented by
he s acid strength Hy, whichis the sinallest pRyg+ value of the Hamumett
base indicators whose color change to acidic sides on the solid surface.’’ ™"

This was applied to solid acids using H. as a measure. On the other hand,
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the base strength distribution was applisd only a few salid bases using H_ as a
measure -> The present authors determined acid hase strength distributions of
various solid compounds such as metal oxides, metal sulfates. metal tungstates.
We found that the maximam H: value of the acid point is 2qual to that of the bas«
woint from cach distribution. We define this H. v value as the strongest pomnt.™ As
seen in Fiz. 2. both acidity and basicity are zero at Ho. For all solid samples oniy
ez strungest point Hoexists (see Py 2). Tt i» noted that the strongest pou
oo

7 i an only peint which represents the strongest values for an acidis point and

nase point simultaneously

When whe e value is large positive, the solid swiface has strong base poins
sad weak 2cid points. while when it is large negative. the surface has strong acnd
pomts and weak base peints in other words, the strong poimt Hy s 2 physical
measuse of acidity and basicity of the solid surface. Further. the strongest p L
I may alse represent the strongest points of acidity and basicty of the sulid
surface which is partly covered by amine or acid standard selutions In Iig, ©
various solids are listed in decreasing order of their H: values. Further, we add
the traditional view of sulid acid and base te Fig. 3

Since the value of the strongest point H; is observable. they vary depending
o the surface structure of solid as well as type of solid compounds.”’ The most
siguificant factors on Hy include woter wolecules of crystal water, hydroxides,
ramber of protons, and their bonding states. 4"

3. Avid Base Strength Parameter Sensitive to Surface Structure, and Relation
Letween Loensitive Paraiseter and the Strongest Pout He

T

T Tibla Toawe list various parameters which reprasent acidity and basicity of

sorid metal compounds and oxides. The slectronegativity and partial charge
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| strenglv basic solid; 2 strongly acidic solid; 3. activated almina; 4 y-almina:

shina: 6. SUIEN bumed at 400°C; 7. silica: almina: 8. SUIEN bussed of

100°C. 9. scid clay: 100 A solid acid, B: solid base; 11 figures in {) represent

>

o

+he strengest point H B



Table 1 Overall scales representing acidity and basicity of solid metals and cxygen
s (bm}lf\un(ls

sverall seale for ac nhtv and Characteristics

Lasiuily

partial negative charge of theoretical one value for zach compound

nonded OX¥gen f."l’-)

slectre negativity of a metal theoretical one value for each valent state of
- metal
I07 fequiputentiv point) observed  {aqueous solution), one value [u

2ach solid
the  strongest  point  H:  observed  {nonpoelar selvent); one vaine for

cey . BRE
UL oians cach solid

are independent of surface structures of solid; they are structurally insems-

FIR SV AR )
s 7t

e p-‘-:uaulletexsf"ﬁfi‘- Although they corselate with ZPC {zero pomt of

521} such correlations are found only

charg=1% and the strongest acid point Hy'
tor the same kind of selids. For much wider ranges of solid, no correlation was
ohserved, Further ZPC is sensitive to the surface structure but it is controversial
since it is measured in colloidal suspension. /"2

According to the homogeneity principle of electro negativity (Sanderson).*
the bonding siectrons tend to distribute toward a more electro negative atom tharn

the other 2tom and all constituent atoms are nearly equal in electro negativity.

f‘

“or metal compounds and exides the electro negativities of metal and cxygen

atorns are equal 1o that of the molecule. Let Sy Spo. and Sm be electio
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Fig. 4 Comparison of the strongest point . {H.max) and partial negative
charges 1) of bonded oxygen !’

1. various almina; 2. y-almina; 3. almina.

negativities of the metal atom whose partial charge is §, of the oxygen atom
whose partial charge is ¢. Then the electro negativitles is linear in y:
Sm = S = So¥; S0t = 3.21-4.757. (1)

We obtained a crude correlation between calculated values of y and the strougest
puid 11, which is displayved in Fig. 1.9 The larger the v value and the smalle
the slectrs nogativity Sm, the more basic the solid surface is (scattering of H-
yalnes in Fig 4 may be due to surface structure of solids). This iy consistent
with other fndings. the sinaller the electro negativity of metallons. the larg=r the

-

stzengest point H. of solid metal sulfates?’ or solid metal cxides™; the larger the

T

{ifference in electro negativity of metal and oxygen atoms, the weaker the acidity

a7 Al -r 1‘124
f metal oxide surface and aqueous solution of vxides;” further. the smalier X,

the weaker the acidity of metal ions.?
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. - . .
Next we will discuss a2 relation betwzen ZPC and the strongest pont I

Uncharged solid surfaces suspended in water have twe confheting prop&iiles:

one facid) s to become a negalive in charge by releasing protous e water, the

R

othiet {Lase) is to become a positive charge by aquiring protons fruin water.™”
Difference between positive and negative charges on the solid surface varies with
pH of the aqueous medium,

The schematic diagram of this variation is shown in Fig. 5. ZPC corresp onds
+c the pH value at which the difference is zera. This relation tooks similar to that
hetween the acid base stregth distribution and the strongest pomnt H-. which s
also displayved in Fig. 5. When the acidity is stronger on solid surface, ZFC 18
saaller, and when the basicity is stronger, ZPC is larger *+%

Expenmental values” of ZPC correlate with those of the strongest pomt
- as skown in Fig. 5. Observed deviations may be due to solvent =fects on
acidity or basicity of sclid surface, ZPC is also affected by water noselid

I 2P0 and the strongest pomt H: are measured for the same sample {same
amount of water on the solid surface), and if water and non-polar solvent on-
Uibute to the st degies to the T funetion of =ack solvent surfae. o very
iike!r that both surfaces have the same acidic and basic properties and th: same
vale of H-. If the solid surface for ZPC measurement releases protons to the

-

wdicator T sy much as the aqueous solution does to I, the equation ¢ 2}

Hy max=ZPCH l()g(f’nq‘/j";) (2)

where H..max and [ are the strongest point H; and an activity coeflicient in

aqueous medium, When the second term is neglected, Hy max = ZPC.H

1y
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Fi Relation between the acid base strength distribution and the strongest

Fig.
point Hy (H..max) and relation between pH and surface charge of an aqueous
selution and ZPC.

1. activily: 2. basicity: 3. positive charge: 4. negative charge.
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5. Appearance of Acid Base Strength Distributions and the Strongest Point
H;

The acid point on solid compounds which contain oxygen and metal atoms

4

) 31,31,34,37)

cuisists of partially charged etal atoms (I)7 #1360 T with covrdinated water
molecules {II; stoichiometric ratio n= 1-2 and negatively charged oxy-
wen atomns 1 %1 coordinated with protons(II1) .3 On the other hand. the base
puite is N7 0r T with hiydroxyl groups (V). 38420 These are produced by ai-
sarption and desorption of water and by ccordination and disscclation of protons

as shown in eq. {3). As a result, the acid-base strength distribution develops.

+H,0 JH —pe
AM#h s (Mohy, -0 == (M-OH) *h-!
- .0 “H “THY
(1] [1] (V]
—H*
+ =DM+ (O---H) -1 ¥} = O-n (3)
-+ +
(11 (W) (V]

WhPr hw solid catalyst is prepared by precipitation, coprecipitation. vr drying
and burning the solid, protons, cations and amlons can Imove 1N agqueous, water,
or steam media and electrons in the solids can exchange positions fast encugh
that they can attain an equilibrium. Therefore there is only one strongest 158
value for a solid surface. In other words, the acid base strength distribution with
the stronge=st point H. and frequencies for acid and base points are determined

by the equilibrivi state given by ey, (4):



H
M*0Q” 4.0-Ts 22 (Me-OH) o~ 14 (O--H) -1e4)

“H
G )]
,H 0

nM”H—H,O:“— (MU.)"...O =
“H

M) O/ M+?
( 1) gyt + M+ ( 1
. ﬂsi )
(4
for =q. 4 1. neutral; 2. hydration.
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8. Sumumary

The strengest point H; is one of the tools to understand acid hase prop ert1eg
of solid surface. We below show our work using the strongest H; as a acid-base
woale.

Liquid phase isopropyl reaction of m-cresol by propylene takes place with etther
solid acids or solid bases.'**>) However catalytic activities and selectivities vary
sigaifivantly from catalyst to catalyst. We carried out the reaction by using metal
oxides, hydroxides, sulfides, sulfates, and tungstates and obtained a correlation
between catalytic activity and the strongest point Hy. We concluded that the 1125
.atalvtic activity arises from carbonium ions for solid catalysts whose strongest
- sint values are less than 2, from carbanions for solid catalysts whose strongest
roint value are larger than 10, and from both acid and base points for those

[ 3.4

which have the H. value of 4 - 5.**) Further from correlation between seivctivity

[ odsoprepyl compounds and the strongest point H, we found that the srthe
selectivity increased as the basicity of solid surface increased

We succeeded to design and develop metal sulfates/almina catalysts which
weIe superior in catalytic activities and orthe selectivitieshy applying our finding *
These catalysts are acid base type!” For polar solvent systems, valuesof the
strongest point H; should be corrected by an effect of solvent. Alternatively. the

H; value may be Jetermined in polar solveuts.

14
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